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Abstract
The role of competing magnetic interactions in Mn-doped manganese antiperovskites Mn3+xA1 xN (A =
Ni and Sn) has been explored using magnetometry and dilatometry, with particular focus on their relation
to abnormal expansion properties. Rare negative magnetisation phenomena are found in zero-eld-cooled
conditions for both A = Sn and Ni when Mn is doped on the A site. Such behaviour is evidence of both com-
peting magnetic sublattices and magnetocrystalline anisotropy. By comparison with other compounds with
the antiferromagnetic  5g magnetic structure, we suggest that competing interactions along with magneto-
volume coupling inuence the near-zero thermal expansion behaviour at intermediate temperatures below
TN in the A = Ni family.
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1. Introduction
Manganese nitride antiperovskites, Mn3AN (A =
Ni, Sn, Ga, Cu, Ag), have recently attracted much
attention due to their strong magnetostructural
coupling which leads to a range of fascinating prop-5
erties such as anomalous thermal expansion, abnor-
mal magnetoresistance, barocaloric, baromagnetic
and piezomagnetic eects [1{6]. The origin of these
properties lies in an unusual combination of elec-
tronic features: rstly, a sharp singularity in the10
density of states due to a narrow Mnd{Np band [7],
quite common in itinerant ferromagnets, and sec-
ondly, a noncollinear antiferromagnetic order born
from frustrated Mn{Mn magnetic interactions. The
formers inuence on the latter induces instabili-15
ties in both nuclear and magnetic structures, hence
leading to strong magnetostructural correlations.
The exibility of the manganese antiperovskite
nitride structure, which originates from Mn4N,
allows the A site to take many dierent atoms20
IFully documented templates are available in the elsarti-
cle package on CTAN.
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and also be partially occupied by both A and
Mn. Therefore, a more accurate formula is
Mn3+xA1 xN. One of the most studied members of
this family is Mn3GaN as it combines a large mag-
netovolume coupling (MVC) with a rst-order anti-25
ferromagnetic transition at TN  300K [1, 8]. Con-
sequently, at TN a concomitant volume change of
L=L  2% is found. Below TN, the Mn moments
adopt the noncollinear antiferromagnetic structure,
termed  5g (Figure 1a inset), whilst cubic crystallo-30
graphic symmetry is maintained. A similarly large
magnetovolume change at TN (160K) is found in
Mn3ZnN along with a transition to the  5g mag-
netic structure [1, 9]. As such, it is argued that
maintaining the  5g structure below TN is of cru-35
cial importance for achieving desirably large mag-
netostructural properties.
In this paper we report on the magnetic prop-
erties of two members of the antiperovskite fam-
ily Mn3+xA1 xN with A = Ni and Sn and 0 40
x  0:5. Both share the same  5g magnetic struc-
ture of Mn3GaN, although with additional mag-
netic phases existing in certain temperature regimes
[8{10], and are therefore of interest for their mag-
netic properties. For A = Ni, when x = 0 a similar45
MVC to the A = Ga member is found [11]. The
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Figure 1: Magnetic phase diagrams as a function of Mn dop-
ing on the A site of Mn3+xA1 xN for a. A = Ni and b. A =
Sn. a. inset Non-collinear antiferromagnetic  5g structure
for Mn3+xA1 xN (x > 0) with Mnf the solely occupied Mn
site and Mnp the A site with Mn doping at x > 0. b. in-
set Inverse susceptibility of Mn3:8Sn0:2N and Mn3:6Sn0:4N
showing the transition temperature from paramagnetism to
magnetic order.
phase diagram when x > 0 is well explored and a
recent study has found a broad region of near-zero
thermal expansion (ZTE), i.e. Invar-like behaviour,
below TN for x = 0:33 [3]. As shown in the phase50
diagram of Figure 1a, when x > 0:4 a second tran-
sition occurs at temperatures higher than TN to a
ferromagnetic-like state due to the additional con-
tribution from the excess Mn [12]. For A = Sn and
x = 0 a transition to the  5g magnetic structure oc-55
curs at T  380K although it is not associated with
any MVC [13]. When x = 0:5, an additional high
magnetisation state is introduced [14], however the
phase diagram between 0 < x < 0:5 is relatively
unexplored (Figure 1b) save for a single study at60
x = 0:1 which reported a magnetic transition at
room temperature and weak ferro- (FM) or ferri-
magnetism (FIM) [15]. Excess Mn-doping of these
antiperovskites often leads to drastic changes in
their magnetic properties, such as spin-glass states65
and transitions involving large changes in magneti-
sation [16, 17]. Given the many interesting prop-
erties of the Mn3+xA1 xN family and their poten-
tial utility in a variety of elds, we were motivated
to compare the magnetic and thermal properties of70
two Mn3+xA1 xN systems with x  0, which share
similar magnetic ordering but have diering magni-
tude of MVC. This comparison provides important
insight into the inuence that competing magnetic
interactions have on the appearance of near-ZTE at75
intermediate temperatures below TN in these mate-
rials.
2. Experimental
Samples were prepared using a standard solid
state synthesis technique. Firstly, Mn2N0:86 was80
formed by reacting elemental Mn powder (VWR,
325 mesh, 99.95%) under dry, owing nitrogen gas
at 700C for 48 hours. The rened lattice parame-
ters of the Mn2N0:86 indicated this was the correct
stoichiometry, rather than stoichiometric Mn2N.85
Subsequently, the Mn2N0:86 precursor was ball-
milled and then thoroughly mixed by hand with
elemental Ni (Sigma Aldrich, < 150m, 99.99%)
or Sn powder (Alfa-Aesar, -100 mesh, 99.86%).
The resulting mixture was pressed into  2 g pel-90
lets, wrapped in Ta foil and sealed in evacuated
quartz ampoules. The ampoules were heated to
780C for 3 days before being quenched to room
temperature in water, which was found to improve
the crystallinity of the nal product, particularly95
for the A = Sn compounds. For A = Ni and
Sn samples were prepared with x = 0; 0:5 and
x = 0; 0:2 and 0:4, respectively, according to the
formula Mn3+xA1 xN.
X-ray diraction measurements were performed100
on a Bruker D2 Phaser diractometer in Bragg-
Brentano geometry with Cu k radiation ( =
1:5418A). Magnetisation measurements were per-
formed with a VSM on a Quantum Design PPMS-
9T. Magnetometry data above T = 400K were col-105
lected using the Quantum Design VSM oven op-
tion. Magnetic entropy changes were calculated
from the isothermal magnetisation curves data us-
ing Maxwell relations [18]. Thermal expansion
measurements were performed using a capacitance110
dilatometer installed in the PPMS [19].
3. Results
X-ray diraction data at room temperature con-
rmed the correct antiperovskite phase with Pm 
3m symmetry is formed for both A = Ni and Sn115
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Figure 2: X-ray diraction data for a. Mn3+xNi1 xN and b.
Mn3+xSn1 xN samples. The inset for b. shows the rened
lattice parameter, a, for the three Mn3+xSn1 xN samples.
(Figure 2). For A = Ni the rened lattice param-
eter for x = 0 (a = 3:8870A) agree with literature
data (a = 3:8868A [3]), whilst for x = 0:5 the lat-
tice parameter increases (a = 3:8908A), again as
expected. For A = Sn, the lattice parameter for the120
x = 0 sample (a = 4:0619A) agrees with reported
data (a = 4:06A[9]). As x increases the lattice
shrinks signicantly (ax=0:4 = 3:9692A), which is
expected due to the smaller metallic radius of Mn
(127 pm) compared to Sn (163 pm) [20] and that125
a = 3:872A for Mn4N [14].
Magnetisation measurements on the x = 0 end-
members for both A = Ni and Sn have been re-
ported previously [11, 13] and our data closely
agree. For A = Ni and Sn the materials undergo130
a paramagnetic (PM) to antiferromagnetic (AFM)
transition at TN = 262K and 475K respectively,
whilst for the latter several further transitions be-
tween AFM states occur as a function of tempera-
ture as indicated in Figure 1b. Samples with x >135
0 show quite dierent magnetic behaviour as ex-
pected with Mn doping. For Mn3:5Ni0:5N the mag-
netic phase diagram is dened by two clear transi-
tions: a PM to FM-like transition at TC  480K
and an AFM-like transition at TN  210K, in good140
agreement with the literature [12]. For Mn3:2Sn0:8N
and Mn3:4Sn0:6N, two clear transitions are also
a.
b.
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Figure 3: Isothermal magnetisation loops collected at the
indicated temperatures for a - b. Mn3:5Ni0:5N (x = 0:5),
and c - d. Mn3:4Sn0:6N (x = 0:4). Figure c. also shows
Mn3:2Sn0:8N (x = 0:2) at T = 150K for comparison.
present: a PM to FM-like at TC = 390 and 450K,
respectively, and an AFM-like at TN  300K for
both samples. In both families the magnetisation145
is several orders of magnitude larger than for the
x = 0 end-members (Figure 3). For Mn3+xNi1 xN
the magnetic structure at x > 0 is a combination of
FM on the Mnp sites and  5g AFM on the Mnf
sites [3] - thus it is considered a two sublattice150
ferrimagnetic (FIM) structure, as is found in the
x = 1, Mn4N end-member [21]. From the simi-
lar magnetic behaviour in the A = Sn family in
Figure 3, a related magnetic structure can be in-
ferred. Whilst AFM-like transitions occur in the155
high magnetisation states of all our x > 0 samples,
calculation of the peak magnetic entropy change for
0   2T, SM, across TN using Maxwells relation
[18] gave unimpressive values of 0:6 JKg 1K 1 and
0:12 JKg 1K 1 for Mn3:5Ni0:5N and Mn3:4Sn0:6N,160
respectively.
The temperature dependence of the isothermal
magnetisation loops is quite similar for both Ni
and Sn families (Figure 3). Below TC a soft FM-
like M(H) loop occurs with negligible hysteresis165
although incomplete saturation even at H = 3T
suggests ferrimagnetic behaviour. Below TN, the
shape of the M(H) loops remain almost identical
although large hysteretic behaviour is introduced,
which for A = Sn increases systematically with in-170
creasing x. For Mn3:5Ni0:5N and Mn3:4Sn0:6N, this
hysteresis can be characterised by coercive elds of
HC = 0:15T and 0.37T, respectively. Such hys-
teretic behaviour is not found in Mn4N (HC =
0:0017T) [22], which has a collinear FIM structure175
3
with a large Mnp = 3:8B moment and an an-
tiparallel Mnf = 0:9B moment [14]. Thus, the
behaviour in our samples suggests additional mag-
netic complexity compared to the simple FIM of the
x = 1 end-member, such as increased magnetocrys-180
talline anisotropy.
The magnetisation as a function of temperature
under dierent elds measured on our samples is
shown in Figure 4. Both the A = Ni, x = 0:5 and
A = Sn, x = 0:4 samples display negative mag-185
netisation when measured under zero-eld-cooled
(ZFC) conditions below the Neel temperature. Neg-
ative magnetisation under ZFC conditions is of-
ten attributed to extrinsic eects such as negative
trapped ux in superconducting magnets [23] and190
in fact there are very few instances in the literature
of true negative magnetisation under such condi-
tions. We conrmed that trapped ux is not the
cause of negative magnetisation in our samples by
following the procedure detailed by Kumar et al.195
for removing remnant elds [24]. As such, all mag-
netisation measurements shown in Figure 4 were
performed after approaching zero eld by oscillat-
ing from positive to negative with the nal eld set
to be positive.200
As mentioned, negative magnetisation under only
ZFC conditions is rare. In one of the few examples
we found in the literature, the ternary metallic alloy
UPdSb shows negative magnetisation in ZFC mea-
surements at temperatures well below its TC = 77K205
[25]. In this material it is assigned to strong magne-
tocrystalline anisotropy compared to the exchange
energy, although the exact mechanism remains un-
clear. In fact, it is thought that a nite magnetic
anisotropy is essential for the appearance of nega-210
tive magnetisation in addition to two or more mag-
netically coupled sublattices [24]. Without the for-
mer only magnetic compensation occurs as in a typ-
ical FIM, such as Mn4N. Therefore, the appearance
of negative magnetisation in Mn3+xA1 xN is fur-215
ther evidence that the magnetic structure has ad-
ditional complexity and, additionally, it indicates
that magnetic anisotropy is present. Other related
antiperovskite carbides are reported to have high
magnetic anisotropy, so this conjecture is consis-220
tent with this. The hysteretic behaviour of the
M(H) loops, seen in Figure 3, which opens below
TN i.e. at the point where negative magnetisation
occurs, may be attributed to nite magnetocrys-
talline anisotropy. Comparing the two families, A =225
Ni and Sn, the former has a smaller compensation
eld for switching the magnetisation polarity of be-
a.
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Figure 4: Magnetometry data collected on a - b.
Mn3:5Ni0:5N and c - d. Mn3:6Sn0:4N. Measurements taken
under ZFC conditions were performed after treating for rem-
nant elds above TN. For each compound, A = Ni or
Sn, the top gure shows that the negative magnetisation
is only present under ZFC conditions, whilst the bottom g-
ure shows how the negative magnetisation disappears under
increasingly large measuring elds.
tween 0:01 < H < 0:05T , whilst the latter is
0:2 < H < 0:3T. This behavior correlates with
the larger coercive eld in the A = Sn family and230
therefore larger magnetocrystalline anisotropy.
Whilst negative magnetisation materials are in-
teresting in their own right, for instance due the
bi-polar magnetic entropy change [24], for the
Mn3+xA1 xN family the phenomenon may have235
relevance to their other properties, such as the phe-
nomena of near-ZTE immediately below TN. This
eect evidently requires MVC however it is com-
position dependent and not fully understood. In
Mn3+xNi1 xN, doping Mn onto the Ni site causes240
broadening of the sharp volume change at TN and
induces a region of near-ZTE immediately below [3].
It is argued that stabilisation of the  5g magnetic
structure underlies the near-ZTE in this material.
Similar near-ZTE behaviour below TN is induced245
in Mn3Cu1 xSnxN and Mn3Cu1 xGexN, neither of
which possess the  5g magnetic structure, however
in the opposite sense to Mn3+xNi1 xN: the near-
ZTE region appears only when the volume change
at TN is sharp [13, 26, 27]. Taken together this sug-250
gests that additional contributions to the thermal
expansion below TN are required for the near-ZTE
in these antiperovskites.
Thermal expansion can be determined using
dilatometry measurements, which we have per-255
formed on our samples. For Mn3SnN and
Mn3:2Sn0:8N (TN = 300K), the MVC is negligible
and therefore no features appear in the linear ther-
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Figure 5: Dilatometry data collected on Mn3NiN,
Mn3:5Ni0:5N and Mn3:2Sn0:8N. Thermal expansion coe-
cients, , were tted between 125 < T (K) < 175.
mal expansion at TN and the thermal expansion
coecient  = 1  10 5K 1 is a normal value, as260
can been seen in Figure 5. For Mn3+xNi1 xN with
MVC the large volume change at TN broadens as
x increases and  below TN halves from 6  10 6
to 3  10 6K 1, in agreement with previous nd-
ings by Deng et al. [3]. We now compare these265
results with those from the A = Ag and Ga mem-
bers of the Mn3+xA1 xN family. Similar broaden-
ing of the large volume change at TN occurs with
Mn doping for both A = Ag and Ga [16, 17], where
both compositions possess the  5g magnetic struc-270
ture. Moreover, for large values of x for A = Ag 
below TN reduces to 1:7  10 6K 1 and coincides
with increased competition between AFM and FM
magnetic phases [16]. Large values of x were not
measured for A = Ga, nor was  below TN, however275
the broadening behaviour up to x = 0:3 is similar
[17]. The observation that Mn doping in the A =
Ag, Ga and Ni families, where the x = 0 members
have MVC and the  5g magnetic structure, leads to
near-ZTE behaviour below TN indicates that a size-280
able magnetic moment on the A site is required for
this phenomenon. Thus we summise that, alongside
MVC and the  5g structure, the competing sublat-
tices and magnetocrystalline anisotropy, which are
essential components required for the creation of285
the negative magnetisation in our A = Ni, x = 0:5
samples, also inuence the near-ZTE at intermedi-
ate temperatures below TN in these antiperovskites.
4. Conclusions
In conclusion, we have explored the eect of ex-290
cess Mn doping in the manganese antiperovskite
family Mn3+xA1 xN for A = Ni and Sn as a func-
tion of x. We nd that with increased Mn dop-
ing additional magnetic phases are introduced with
competing sublattices, previously unreported for295
A = Sn. For Mn3:5Ni0:5N and Mn3:6Sn0:4N we
nd a rare case of negative magnetisation below
TN, a phenomenon that requires both coupled sub-
lattices and magnetocrystalline anisotropy. We pro-
pose that the latter two properties, combined with300
MVC, inuence the near-ZTE at intermediate tem-
peratures below TN in the A = Ni family. We
plan to further study the underlying mechanism of
the negative magnetisation using neutron dirac-
tion, which will also elucidate the magnetic struc-305
ture phase diagram for A = Sn below x < 0:5.
5. Acknowledgements
This work was supported by the European Com-
munity 7th Framework Programme (Grant num-
ber 310748, DRREAM) and the EPSRC (Grant310
EP/K503733/1).
References
[1] K. Takenaka, Negative thermal expansion materials:
technological key for control of thermal expansion, Sci-
ence and Technology of Advanced Materials 13 (2012)315
013001.
[2] E. O. Chi, W. S. Kim, N. H. Hur, Nearly zero tem-
perature coecient of resistivity in antiperovskite com-
pound CuNMn3, Solid State Communications 120
(2001) 307{310.320
[3] S. Deng, Y. Sun, H. Wu, Q. Huang, J. Yan, K. Shi,
M. I. Malik, H. Lu, L. Wang, R. Huang, L. Li, C. Wang,
Invar-like Behavior of Antiperovskite Mn 3+ x Ni 1 x
N Compounds, Chemistry of Materials 27 (2015) 2495{
2501.325
[4] K. Shi, Y. Sun, J. Yan, S. Deng, L. Wang, H. Wu, P. Hu,
H. Lu, M. I. Malik, Q. Huang, C. Wang, Baromagnetic
Eect in Antiperovskite Mn3Ga0.95N0.94 by Neutron
Powder Diraction Analysis, Advanced Materials 28
(2016) 3761{3767.330
[5] J. Zemen, Z. Gercsi, K. G. Sandeman, Piezomagnetic
eect as a counterpart of negative thermal expansion
in magnetically frustrated Mn-based antiperovskite ni-
trides, arXiv 1512.03470 (2015) 1{8.
[6] D. Matsunami, A. Fujita, K. Takenaka, M. Kano, Gi-335
ant barocaloric eect enhanced by the frustration of the
antiferromagnetic phase in Mn3GaN, Nature materials
14 (2015) 73{8.
[7] J.-P. Jardin, J. Labbe, Phase transitions and band
structure in metallic perovskites (carbides and nitrides),340
Journal of Solid State Chemistry 46 (1983) 275{293.
5
[8] E. Bertaut, D. Fruchart, J. Bouchaud, R. Fruchart,
Diraction neutronique de Mn3GaN, Solid State Com-
munications 6 (1968) 251{256.
[9] M. R. Fruchart, R. Madar, M. Barberon, E. Fruchart,345
M. G. Lorthioir, Transitions magnetiques et
deformations cristallographiques associees dans les ni-
trures du type perowskite ZnMn3N et SnMn3N, J.
Phys. Colloques 32 (1971) 982{984.
[10] D. Fruchart, E. Bertaut, J. Senateur, R. Fruchart, Mag-350
netic studies on the metallic perovskite-type compound
Mn 3SnN, J. Physique Lett. 38 (1977) 21{23.
[11] D. Fruchart, E. F. Bertaut, Magnetic Studies of the
Metallic Perovskite-Type Compounds of Manganese,
Journal of the Physical Society of Japan 44 (1978) 781{355
791.
[12] P. L'Heritier, D. Fruchart, R. Madar, R. Fruchart,
1.5.6 Metallic Perovskites: Datasheet from Landolt-
Bornstein - Group III Condensed Matter - Volume 19C,
???? doi:10.1007/10353201{\_}70.360
[13] K. Takenaka, M. Ichigo, T. Hamada, A. Ozawa,
T. Shibayama, T. Inagaki, K. Asano, Magnetovolume
eects in manganese nitrides with antiperovskite struc-
ture, Science and Technology of Advanced Materials 15
(2014) 015009.365
[14] M. Mekata, Magnetic study on Mn4N and its related
compounds, Journal of the Physical Society of Japan
17 (1962) 796{803.
[15] W. Feng, D. Li, W. Ren, Y. Li, W. Li, J. Li, Y. Zhang,
Z. Zhang, Structural, magnetic and transport proper-370
ties of Mn3.1Sn0.9 and Mn3.1Sn0.9N compounds, Jour-
nal of Alloys and Compounds 437 (2007) 27{33.
[16] J. C. Lin, P. Tong, W. Tong, S. Lin, B. S. Wang, W. H.
Song, Y. M. Zou, Y. P. Sun, Tunable negative thermal
expansion related with the gradual evolution of anti-375
ferromagnetic ordering in antiperovskite manganese ni-
trides Ag1-xNMn3+x (0 < x < 0.6), Applied Physics
Letters 106 (2015) 3{8.
[17] X. G. Guo, J. C. Lin, P. Tong, M. Wang, Y. Wu,
C. Yang, B. Song, S. Lin, W. H. Song, Y. P. Sun, Mag-380
netically driven negative thermal expansion in antiper-
ovskite, Applied Physics Letters 107 (2015) 202406.
[18] A. M. Tishin, Y. I. Spichkin, The magnetocaloric ef-
fect and its applications, Institue of Physics Publishing,
Bristol and Philadelphia, 2003.385
[19] M. Rotter, H. Muller, E. Gratz, M. Doerr, M. Loewen-
haupt, A miniature capacitance dilatometer for thermal
expansion and magnetostriction, Review of Scientic
Instruments 69 (1998) 2742{2746.
[20] G. W. C. Kaye, T. H. Laby, Tables of physical and390
chemical constants, 15 ed., Longman, London, UK,
1993.
[21] W. Takei, R. Heikes, G. Shirane, Magnetic Structure
of Mn4N type compounds, Physical review 810 (1962).
[22] C. Li, Y. Yang, L. Lv, H. Huang, Z. Wang, S. Yang,395
Fabrication and magnetic characteristic of ferrimag-
netic bulk Mn4N, Journal of Alloys and Compounds
457 (2008) 57{60.
[23] N. Kumar, a. Sundaresan, On the observation of
negative magnetization under zero-eld-cooled process,400
Solid State Communications 150 (2010) 1162{1164.
[24] A. Kumar, S. Yusuf, The phenomenon of negative mag-
netization and its implications, Physics Reports 556
(2015) 1{34.
[25] K. Gofryk, D. Kaczorowski, On the magnetic and elec-405
trical behaviour of UPdSb, Journal of Physics Con-
densed Matter 18 (2006) 3887{3896.
[26] K. Takenaka, H. Takagi, Magnetovolume Eect and
Negative Thermal Expansion in Mn3(Cu1-xGex)N,
Materials Transactions 47 (2006) 471{474.410
[27] K. Takenaka, H. Takagi, Giant negative thermal expan-
sion in Ge-doped anti-perovskite manganese nitrides,
Applied Physics Letters 87 (2005) 261902.
6
